Occupational exposure /Radiological technologist/ Chromosomal aberration /G-banding method/ Low dose radiation Chromosomal aberrations in the lymphocytes of radiation technologists (RT) were analyzed by the trypsin G-banding method to study the late effects of long-term exposure to low doses of radiation. Structural aberrations were identified in 384 (2.5%) of 15442 cells analyzed from 53 RT as compared to 177 (1.6%) of 11136 cells from 36 healthy controls. Stable aberrations were the most frequent in both groups and were either translocations or deletions. Unstable aberrations were mainly acentric fragments in both groups. The frequency of translocations and acentric fragments was significantly higher in the RT than in the controls and was highest in the RT over 50 years. The highest frequency observed in the >50 age group was attributed to the unknown for cumulative dose prior to introduction of film badges. Frequency of chromosomal aberrations correlated with the estimated dose from the film badges and years of experience of each RT based on the equation y=0.22+0.37D+4.35D2, where y is overall frequency of chromosomal aberrations and D is the estimated radiation dose in Sv.
INTRODUCTION
The development of nuclear energy and the use of ionizing radiation in medical practice has created deep concern regarding the long-term effects of low-dose radiation on humans.
There have been some reports that the incidence of chromosomal aberrations was significant higher in those exposed to low doses of radiation than in controls' 6~. Somatic chromosomes in most previous studies of low dose radiation exposure were analyzed by the conventional staining method (0-method) and concentrated mainly on unstable aberrations such as dicentrics and rings 2-6). Accordingly, when exposures to low doses of radiation were chosen as the subject of cytogenetic study, it was presumed that the frequency of chromosomal aberrations was low. It has moreover been reported that 22% of stable aberrations identified by the trypsin G-banding method (G-method) are undetectable by the O-method7). We are of the opinion that the frequency of aberrations undetected by the 0-method can not be ignored. Therefore, to make a complete assessment of radiation-induced chromosomal aberrations in individuals exposed to low doses of radiation over a long period, we analyzed chromosomal aberrations in lymphocytes of radiation technologists (RT) by the G-method .
MATERIALS AND METHODS

1) Subjects:
The test group consisted of 195 male RT in Kumamoto prefecture who had worked as RT for over a year. Healthy males from the staff of Kumamoto University and other institutions with no history of radiation exposure six months prior to blood sample collection were chosen as controls. All blood samples in both the test group and the controls were collected between 1980 and 1982. So far, chromosomes of 53 RT and 36 controls have been analyzed.
2) Estimation of cumulative radiation dose of RT: Cumulative radiation dose of each RT was estimated by considering the years of experience and the radiation doses of the film badges of each RT. This was done by a questionnaire survey as described by Kitabatake8 , and Kitabatake and Okajima9) . 3) Cytogenetics: Peripheral blood lymphocytes from the RT and the controls separated on a Ficoll-Conrey gradient were cultured with phytohemagglutinin (PHA) for 48 hours in RPMI 1640 medium, supplemented with 20% fetal calf serum. The cells were incubated for the last 2 hours in the presence of colcemid (0.02 µ g/ml), later treated with 0.075 M potassium chloride-1% sodium citrate (4:1) solution and fixed by methyl alcohol-acetic acid (3:1) solution. Fixed cells were placed on glass slides and air-dried. Several days later banding was performed by the G-method. About three hundred metaphases were analyzed in each case. All analyzable cells under the microscope were photographed . The chromosomes were first analyzed from cabinet-size photographs. Subsequently , all cells with either definite or suspected structural aberrations were karyotyped and the chromosomal aberrations were enumerated. Chromosomes were arranged according to the International System for Human Cytogenetic Nomenclature (ISCN)10). In this study, aneuploid cells with no structural abnormality were not considered. Thus the abnormal cells were defined as having structural aberrations. The term "acentric fragment" is used when an acentric material was present in the complement, while "terminal delation" indicates the loss of the distal part of chromosome . Table 1 shows the type and frequency of chromosomal aberrations in the 53 RT and 36 controls. Structural aberrations were identified in 384 (2.5%) of 15442 RT cells and 177 (1.6%) of 11136 control cells. The higher frequency observed amongst RT is significant (p<0.01). The frequency of both cells with stable aberrations (Cs cell) and cells with unstable aberrations (Cu cells) were significantly higher in the RT (both p<0.03). However, the frequency of Cs cells was significantly higher than that of Cu cells (p<0.01) in both RT and controls. The majority of stable aberrations in both groups was translocations followed by deletions and the observed frequency of translocations was significantly higher in the RT (p<0.05). Most of the unstable aberrations in both groups consisted of acentric fragments and was significantly higher in the RT (p<0.03). Ring and dicentrics were observed at very low frequencies in both groups. Among the stable aberrations, chromosomal aberrations hitherto undetectable by the O-method, such as paracentric invertions, small terminal deletions and reciprocal translocations due to exchanges of small segments, accounted for 15% of the aberrations in the RT. Cells with rearrangements involving three or more breaks in combination with translocations, deletions and other structural aberrations, as well as cells in which it was impossible to make a precise identification of the type of aberration even by the G-method comprised about 2% of the RT cells with aberrations. Photograph 1 shows several types of chromosomal aberrations observed in the RT.
RESULTS
The presence of an abnormal clone was sought for in the 53 RT and 36 controls. One RT had 3 cells with identical inversions involving a chromosome 6 (Photo 2.) Table 1 and Figure 1 show the relationship between age and chromosomal aberrations in the 53 RT and 36 controls. The frequency of cells with structural aberrations increased with age in both groups. However, above 50 years of age this frequency was significantly higher in RT than in the controls (p<0.01). The frequency of translocations and acentric fragments increased with age in both groups but was higher in the over 50 years RT than in comparable aged controls (both p<0.03).
The increasing frequency of chromosomal aberrations with increasing age had to be taken into account when radiation doses were estimated based on chromosomal aberrations. Therefore it was necessary to subtract the frequency of chromosomal aberrations increasing with age from the observed frequency in each RT. The relationship between frequency of chromosomal aberrations and age in the 53 RT was y=2.73-0.14x+0.003x2, r=0.994, whereas in the 36 controls it was y=0.56+0.014x+0.0002x2, r=0.989 (y is the frequency of chromosomal aberrations and x is the age) (Fig. 1) . Figure 2 shows the correlation between chromosomal aberrations and cumulative radiation dose in the 53 RT based on the above equations which take into account the age factor. The relationship between frequency of chromosomal aberrations and cumulative radiation doses of the 53 RT can also be expressed by the equation y=0.22+0.37D+4.35D2, r=0.702 (y is the corrected frequency of chromosomal aberrations after subtracting the increase with age and D is the cumulative radiation dose in Sv). There was a better correlation of dose and aberration frequency by this second order equation. The relationship between age and years of experience of the 53 RT can further be expressed by the equation y=-22.75+0.97x, r=0.905 (y is the years of experience and x is age in years). It is possible to derive a relationship between the years of experience of the RT and the chromosomal aberrations from the regression line of x vs y in figure 1. 
DISCUSSION
The frequency of chromosomal aberrations in the lymphocytes from the atomic-bomb (A-bomb) survivors in Hiroshima and Nagasaki was found to be proportional to the estimated dose received by each individual" 13). Further, the yield of dicentric aberrations was found to be similar to that obtained in vitro in the peripheral lymphocytes of nuclear dockyard workers and workers exposed to within the permitted levels of -y-radiation 5,6) . However, in occupationally exposed persons such as RT and doctors who are continuously exposed to long-term low dose radiation, the frequency of chromosomal aberrations is not always proportional to the cumulative dose 7, 14) . This is perhaps because of the exclusion of the Cu cells from the lymphocyte population due to mitotic disturbance with the course of time after in vivo exposure 7, 14) . If the chromosomes are analyzed immediately after irradiation , the frequency of Cu cells reliably reflects absorbed dose 15,16) Therefore, for the estimation of absorbed dose after accidental exposure, analysis of unstable aberrations soon after exposure is importantls,l6> On the other hand, Cs cells are known to maintain a certain level even long after radiation exposure. Cs cells are known to have persisted for more than 30 years in the somatic cells of A-bomb survivors7•17'18), most of which are reciprocal translocations and pericentric inversions 7). Therefore, stable aberrations are considered to be useful indicaters of radiation exposure particularly in those exposed in vivo many years before cytogenetic examination1"12) In the present study, chromosomal aberrations in peripheral lymphocytes from 53 RT and 36 controls were analyzed by the G-method. It was found that the frequency of aberrations in both groups increased with age and was significantly higher in RT over 50 years of age than in the non-exposed controls. The majority of the chromosomal aberrations in both groups were Cs cells and were either translocations or deletions. Cu cells in both groups were mainly acentric fragments. Since the number of dicentric and ring was very low, it was difficult to analyze the relationship between the frequency of these chromosomal aberrations and the cumulative radiation dose.
The frequency of chromosomal aberrations increasing with age was excluded from the observed frequency in each RT. It was found that the frequency of chromosomal aberrations correlated with the estimated radiation dose from the film badge dose and the years of experience of each RT, based on the equation y=0.22+0.37D+4.35D2, y being the frequency of chromosomal aberrations corrected for age, and D being the estimated radiation dose in Sv.
Sasaki studied the effect of protracted radiation dose on the induction of chromosomal aberrations in radiation workers16). He found that by taking the limited lifetime of in vivo lymphocytes into consideration, the frequency of dicentrics and rings increased with increasing radiation dose to a certain dose level after which the frequency did not increase with further increase in dose. Our findings based on the G-band analysis are in good agreement with those of Sasaki. In our study, there is a positive dose-response relationship for the frequency of stable aberrations.
Around 1963, the film badge was introduced into most medical facilities in Kumamoto prefecture. However, RT over 50 years of age had a higher cumulative dose than that estimated from film badge doses which explains the higher frequencies of chromosomal aberrations observed in the older group. In our previous study, we reported that the RT in service over many years of experience often had increased Epstein-Barr virus (EBV) specific antibody titers which was correlated with frequency of chromosomal aberrationsl9) We believe that chromosomal aberrations reflect a direct effect of radiation exposure, whereas EBV-specific antibody titers is a secondary phenomenon that appears only after an immune response and may be a reflection of an indirect effect of radiation exposure. It was observed that in the RT over 50, five had over 5% structural aberrations. One of them showed 3 cells with identical aberrations, i.e., inv (6) , which may suggest that he has an abnormal clone of cells with chromosomal aberrations.
